In angiosperms, double fertilization takes place within the ovule with the entry of two sperm cells, usually delivered by a single pollen tube. In 1904, Wylie observed that two pollen tubes were inserted in an ovule in Elodea canadensis. 1 He concluded, "It often happens that two pollen tubes pass into one ovule; in such cases both synergids disappear." After Wylie's discovery, rare cases of the reception of two pollen tubes in an embryo sac have been reported in at least 12 species. 2 Similarly, the reception of two pollen tubes has been reported in several Arabidopsis mutants, including the gcs1 mutant. 3 Although this phenomenon is interesting, it has long been regarded as an anomalous event. As shown in Figure 1 , when we observed ovules frequently accepting two pollen tubes in the hap2-1 (allelic to gcs1) mutant, 4 which is defective in fertilization, we investigated the mechanism underlying this phenomenon in higher plants. We double-stained +/hap2-1 pollen tubes for GUS activity followed by aniline blue staining to trace the behavior of the first and second pollen tubes. Since hap2-1 mutant pollen tubes are marked by the pollen tube-specific reporter gene, LAT52:GUS, 5 we could trace the behavior of hap2-1 mutant pollen tubes in vivo. 4, 6 We showed that most ovules have one pollen tube 10 h after pollination (HAP), indicating that until several hours after the arrival of the first pollen tube, reception of For over a century, plant fertilization has been thought to depend on the fertility of a single pollen tube. however, we reported recently a "fertilization recovery system" in flowering plants that actively rescues failed fertilization of a defective mutant pollen tube by attracting a second, functional pollen tube. in typical flowering plants, two synergid cells beside the egg cell attract pollen tubes, one of which degenerates upon pollen tube discharge. We observed that fertilization was rescued when the second synergid cell accepted a wild-type pollen tube. our results suggest that flowering plants precisely control the number of pollen tubes that arrive at each ovule and use a fertilization recovery mechanism to maximize the likelihood of successful seed set. restricted pollination experiments showed that if sufficient pollen grains are provided, ovules attract a second pollen tube for recovery. these results support our previous finding that a long period of time is required for ovules to complete the system.
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Keywords: two pollen tubes, fertilization recovery system, polysiphonogamy, persistent synergid cells, enhanced fertility phenotype, restricted pollination a second pollen tube is independent of the fertility of sperm cells. This delay could represent a blocking system by which ovules avoid polysiphonogamy ( Fig. 2) . 7 After 10 HAP, a second pollen tube starts to be attracted by ovules that failed to be fertilized with the first pollen tube of the hap2-1 allele. In this case, the persistent synergid cell, which degenerates upon successful fertilization, continues to attract pollen tubes, 8 resulting in ~80% of failed ovules accepting a second pollen tube by 28 HAP. No particular role had been proposed for the persistent synergid cell after the arrival of the first pollen tube. However, we demonstrated that the second synergid cell can retain its function and is able to attract and accept a second tube to rescue fertilization. This might explain the presence of two synergid cells in many higher plants (Fig. 2) . Previously, 7 we clarified why several mutants defective in sperm cells had an enhanced fertility phenotype (60-70% fertility). 4, 9, 10 The ratio of double pollen tube reception was almost completely consistent with the ratio of enhanced fertility in the male mutants. In addition, in the GUS staining experiment, 10 HAP, ~50% of the ovules accepted a mutant allele, suggesting that mutant and wild-type pollen tubes were similarly competent to enter the embryo sac and release their contents. von Besser et al. 4 suggested that hap2-1 sperm cells affect pollen tube pollinated with 80 grains (mean ± S.D.; n = 21 pistils, ovules < pollen tubes), 11.8 ± 4.6% of the ovules accepted second pollen tubes. When a wild-type pistil with 57.5 ± 4.9 ovules was pollinated with 120 grains (ovules < pollen tubes), 25.4 ± 5.2% of the ovules accepted second pollen tubes. These results suggest that pollen tubes are preferentially inserted into ovules with no pollen tube under restricted conditions (ovules > pollen tubes), while under saturated conditions (ovules < pollen tubes), ovules accept second pollen tubes. In our previous report, 7 when a wildtype pistil was pollinated with excess pollen grains (~700; ovules < pollen tubes), ~80% of the failed ovules accepted second pollen tubes. In addition, under self-pollination conditions, ~80% of the failed ovules accepted second pollen tubes. Under selfpollinated conditions, there were 191 ± 27 pollen grains on the stigmata. These results indicate that excess pollen is required for saturation of the fertilization recovery system and ~80%, but not 100%, of the failed ovules can accept a second pollen tube and complete recovery. These results support our previous finding that it takes ~28 h, a substantial time, for ovules to complete the fertilization recovery system. The reason for the delay in the second guidance may be the number of functional synergid cells. An ovule penetrated by a pollen tube contains only one persistent synergid cell, since one of the synergid cells is disrupted when the pollen tube bursts. In this case, the second guidance is governed by only one synergid cell. Higashiyama et al. 12 reported that an ovule with two synergid cells attracts more pollen tubes than one with one synergid cell, suggesting that the attractant is insufficient for ovules with one synergid cell. This could be one of the reasons why only ~80%, and not 100%, of the ovules with one synergid cell attract a second pollen tube. Further research into this system, for example, increasing the number of synergid cells experimentally or the expression of the pollen tube attractant, might provide new insight that can be applied to increase fertility and production in agronomically important plants.
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No potential conflicts of interest were disclosed. guidance. From our data, however, we concluded that the sperm cells appear to be passive cargo of the pollen tube and do not influence pollen tube guidance in hap2 mutants. This was consistent with the observation that sperm-cell-defective mutants that cannot be transmitted via the male germline show only 30-35% sterility, instead of the expected 50%. 7 In our previous report, all hand pollination experiments were performed using large numbers of pollen grains, with a mean of 708 ± 111 pollen grains on the stigmata (mean ± S.D., n = 5 pistils). Under such conditions we were able to determine why an ovule accepts two pollen tubes, but it was impossible to answer how many pollen tubes are required for the recovery system to start accepting a second pollen tube. Therefore, we performed a restricted pollination experiment (Fig. 3) . For the male parent, we pollinated the hap2-1 mutant pollen with the quartet 11 background to give a uniform number of pollen grains and equalize the wild-type to mutant pollen ratio; 1:1. An Arabidopsis pistil usually contains 50-60 ovules; we pollinated them with 20, 40, 80, 120 and ~700 grains. Two days after pollination, when 20 and 40 grains were provided (Fig. 3) , few second pollen tubes was inserted into an ovule, indicating that under restricted conditions (ovules > pollen tubes), pollen tubes were selectively inserted into ovules that had not accepted any pollen tube. Conversely, when a wild-type pistil with 52.4 ± 6.1 ovules was Fertilization recovery system and polysiphonogamy. Schematic drawing of the fertilization recovery system. upon insertion of a single pollen tube into an ovule, the pollen tube bursts and releases two sperm cells. When the sperm cells complete fertilization, the ovule blocks the entry of the other pollen tubes and develops into a seed by forming an embryo and endosperm. When fertilization fails, the ovule attracts a second pollen tube to rescue fertilization. the rescued ovule develops into a seed, resulting in increased fertility. in the case of failure of fertilization by the second pollen tube, the ovule does not attract a third pollen tube, possibly due to depletion of the pollen tube attractant from synergid cells, since both synergid cells collapse after entry of two pollen tubes. *Polysiphonogamy and Polytubey: in angiosperms, a pollen tube delivers nonmotile sperm cells accurately to the female gametophyte and completes fertilization. this is called "siphonogamy," a mechanism that is thought to have evolved from zooidgamy (fertilization by motile sperm). 13 We use the term "polysiphonogamy" for cases in which an ovule accepts multiple pollen tubes and these tubes deliver sperm cells to the female gametophyte. in Arabidopsis, polysiphonogamy is restricted to two pollen tubes because only two synergid cells are present. in Amborella, 14 polysiphonogamy with three pollen tubes has been reported, 15 since three synergid cells are present. Polytubey is when an ovule accepts two or more pollen tubes, irrespective of whether fertilization occurs. in contrast, polysiphonogamy is one case of polytubey, in which fertilization by multiple pollen tubes is emphasized.
